The phylogenetic relationship among the kingdoms Animalia, Plantae, and Fungi remains uncertain, because of lack of solid fossil evidence. In spite of the extensive molecular phylogenetic analyses since the early report, this problem is a longstanding controversy; the proposed phylogenetic relationships differ for different authors, depending on the molecules and methods that they use. To settle this problem, we have accumulated 23 different protein species from the three kingdoms and have inferred the phylogenetic trees by three different methods-the maximumlikelihood method, the neighbor-joining method, and the maximum-parsimony method-for each data set. Although inferred tree topologies differ for different protein species and methods used, both the maximum-likelihood analysis based on the difference (AI) between the total log-likelihood of a tree and that of the maximum-likelihood tree and bootstrap probability (P) of 23 proteins consisting of lo,05
Introduction
According to the five-kingdom system for the classification of organisms, all eukaryotes consist of four kingdoms-Protista, Animalia, Plantae, and Fungiand the latter three kingdoms are thought to have diverged from separate ancestors of protist origins (Whittaker 1959; Margulis and Schwartz 1982) . The phylogenetic relationship among the kingdoms Animalia, Plantae, and Fungi, however, remains uncertain, because of lack of solid fossil evidence. Furthermore, for all the advantages of molecular phylogenetic analysis, this problem is a longstanding controversy among molecular evolutionists since the early reports (Dayhoff et al. 1975 ): several authors have proposed a phylogenetic tree (( A,F) ,P) in which Animalia (A) is more closely related to Fungi (F) than to Plantae (P) (Kintzel et al. 198 1; Hasegawa et al. 1985 Hasegawa et al. , 1993 Herzog and Maroteaux Mol. Biol. Evol. 11(5):762-768. 1994 . 0 1994 by The University of Chicago. All rights reserved. 0737-4038/94f I lOS-0005$02.00 1986; Sogin et al. 1989; Hendriks et al. 1990; Wait-night et al. 1993) . Others have proposed the remaining two possible trees (( A,P) ,F) (Schwartz and Dayhoff 1978; Hot-i and Osawa 1979; Sogin et al. 1986; Gunderson et al. 1987; Vossbrinck et al. 1987; Baroin et al. 1988; Edman et al. 1988; Gouy and Li 1989; Lenares et al. 1989; Greenwood et al. 199 1) and (( F,P) ,A) (Douglas et al. 199 1; Eschbach et al. 199 1; Hendriks et al. 199 1) .
These results strongly suggest close divergence times of ancestral protists leading to modern animals, fungi, and plants. These reports also suggest that different tree topologies might be inferred, depending on sequence lengths, regions compared, tree-making methods, and molecules used. Thus, to know the correct phylogenetic relationship among the three kingdoms, many protein species should be analyzed on the basis of statistically solid background. From molecular phylogenetic analyses based on three different tree-making methods and using 23 different protein species, we here show the close evolutionary relatedness of the kingdoms Animalia and Fungi.
Material and Methods
Twenty-three different protein species and organisms from animals, fungi, plants, and their outgroup used in the present analysis are listed in table NOTE.-F-ATPase = F,,F,-ATPase; GRP78 = glucose-regulated protein 78; CaM-KII = calmodulin kinase II; CIT = citrate synthase; CK-II = casein kinase II; EF = elongation factor; MAP kinase = mitogen-activated protein kinase; mMDH = mitochondrial malate dehydrogenase; PCNA = proliferating-cell nuclear antigen; PP = protein phosphatase; GBE = glycogen-blanching enzyme; TPI = triosephosphate isomerase; V-ATPase = vacuolar H+-ATPase; pol IIB = RNA polymerase II, the second largest subunit; pol IIA = RNA polymerase II, the largest subunit; nmMLCK = nonmuscle myosin light-chain kinase; GSK = glycogen synthase kinase; PPH3 = PP2A-related protein; pol IIIA = RNA polymerase III, the largest subunit; E. 1. All the sequence data were taken from GenBank release 76.0. Proteins whose lengths are less than 200 amino acids were not used in the present analysis.
To determine an outgroup closest to Animalia, Fungi, and Plantae and to exclude a possibility of paralogous comparison, an unrooted tree was inferred by the neighbor-joining (NJ) method, (Saitou and Nei 1987) for each protein species, by using many sequence data available from the database. On the basis of the unrooted tree, we determined an outgroup and selected two species for each kingdom, usually human and Drosophila for Animalia, Saccharomyces cerevisiae and Schizosaccharomyces pombe for Fungi, and monocot and dicot species for Plantae, if data were available; for these species pairs, many sequence data are available, and the genetic distance between the pair of species is considerably large. For each set of protein sequence data, the phylogenetic tree was inferred by the maximumlikelihood (ML) method of protein sequence (Kishino et al. 1990; Adachi and Hasegawa 1992) based on the JTT model ( PROTML version 1.10 in Adachi and Hasegawa' s program package MOLPHY) , by the NJ method ( Saitou and Nei 1987) ) and by the maximum-parsimony (MP) method (PROTPARS in Felsenstein' s program package PHYLIP, version 3.5~). A bootstrap probability that a particular tree was the highest-likelihood tree among the alternatives during bootstrap resamplings (Felsenstein 1985 ) was estimated approximately by the RELL (resampling-estimated log-likelihood) method (Kishino et al. 1990 ). To evaluate the statistical significance of tree topologies inferred by the ML method, we calculated the difference, Ali, between the log-likelihood of tree i and that of the ML tree (as well as the standard error [SE] ) by the method of Kishino and Hasegawa ( 1989) . We also calculated the overall value of log-likelihoods and that of bootstrap probabilities, for 23 different proteins (Kishino et al. 1990 ). 
Results and Discussion
The ML method has advantages over other known tree-making methods, in several respects: It allows one to synthesize results on tree topologies inferred from different protein species. For example, it is possible to estimate the total values of log-likelihood and bootstrap probability, and thus the reliability of a particular tree topology can be evaluated overall (Kishino et al. 1990 ). Furthermore the reliability of inferred tree topologies can be evaluated on a solid statistical background (Kishino and Hasegawa 1989) . With the ML method of protein phylogeny developed by Kishino et al. ( 1990)) the differences between the log-likelihood of a tree i (i = l-3) and that of the ML tree (Ali = Zi-Zmax), as well as its bootstrap probability (Pi ), were calculated from each of 23 different protein data sets listed in table 1.
The (( A,F) ,P) tree (tree 1 Plantae is outgroup to the Animalia-Fungi clade) was inferred to be the ML tree in 12 of the 23 protein data sets analyzed. The (( A,P) ,F) tree (tree 2) was the ML tree in seven cases. In contrast, the (( F,P),A) tree (tree 3) was the ML tree in only four cases. Thus, if any one of the data sets is randomly sampled, tree 1 and tree 2 would be predicted almost evenly. This is consistent with previous results by many authors: different tree topologies were inferred by different authors, from a single protein or an RNA molecule. Indeed, if only mitochondrial ATPase a subunit is used for the phylogenetic-tree inference, tree 1 is the ML tree with significant AZ. Also, tree 2 and tree 3 are inferred to be the ML trees at a statistically significant level, if enolase and the second-largest subunit of RNA polymerase II are used, respectively (see table 2 ).
However, if we consider only cases in which the ML trees show significantly larger log-likelihood than do other trees, at the level of 1 SE of the difference, then tree 1 is the ML tree in eight cases. This figure is apparently larger than that for tree 2, which is significant in only two cases. That is, a phylogenetic-tree inference based on a stringent statistical test suggests that tree 1 is much more likely than the other two.
The most reliable estimate comes from the total values of log-likelihood and bootstrap probability cal- Table 4 shows the list of protein species from which identical tree topology has been inferred by the ML, NJ, and MP methods. These protein species may be useful for inferring reliable phylogenetic relationships among the three kingdoms, because inferred trees are independent of tree-making methods. With the 14 protein data sets listed in table 4, the total log-likelihoods and the total bootstrap probabilities were calculated for each of the three tree topologies, by the ML method. The difference between the total log-likelihood of tree 1 and that of the ML tree (AZ = 0.0) was significantly larger in value than those of tree 2 (A/ = -53.9 & 29.6) and tree 3 (AI = -111.1 & 25.5). Tree 1 also shows a large total bootstrap probability (PI = 96.2% ).
culated from 23 different protein species. In this case, the total number of amino acid sites analyzed amounts to lo,05 1, which is large enough to obtain a statistically reliable estimate for the phylogenetic relationships among the three kingdoms. On the basis of both the total value of AI and that of bootstrap probability, tree 1 is the ML tree; the log-likelihood of tree 1 is significantly larger than those of tree 2 and tree 3, at the level of 1 SE, and the bootstrap probability of tree 1 is 94%, whereas the corresponding values of tree 2 and tree 3 are only 6% and O%, respectively. Thus it is highly likely that Animalia is the sister kingdom of Fungi and is distantly related to Plantae.
In the Fo-Fi ATPase a subunit, EF-la, and enolase, the Al of the ML tree seems to be unusually large in value, as compared with those of other trees. It remains possible that the large log-likelihood values are derived from paralogous comparisons. Thus the total log-likelihoods were reexamined by excluding these proteins from data sets used in tables 1 and 4; the results are shown in table 5. Even if these data were excluded, tree 1 is still the ML tree at a statistically significant level; the total log-likelihood of tree 1 is larger than that of tree 2, by nearly 1 SE of the difference, when the data set of table 1 is used, and in the case of table 4 the former is significantly larger than the latter. To confirm the above-cited result, similar analyses From these results, we conclude that Animalia is were carried out by alternative methods-the NJ method closely related to Fungi and is distantly related to Plantae. and the MP method-using the same data sets. Table 3 Although this result is statistically significant, alternative shows the bootstrap probabilities of the three tree to-trees with significantly large log-likelihood values were pologies calculated by the NJ and MP methods. On the also inferred, depending on protein species used. This basis of the bootstrap probabilities, tree topologies in-may be derived, in part, from statistical fluctuations, ferred by these methods agree well with those inferred paralogous comparisons, or horizontal gene transfers. Phylogeny of Animalia, Plantae, and Fungi 767
Note added in proo$-After submission of the manuscript of the present paper, we learned that Baldauf and Palmer ( 1993) reported the close relatedness of animals and fungi on the basis of the phylogenetic analysis of four proteins, a-and P-tubulins, EF-1 a, and actin, by the MP method.
